Aims/hypothesis It is recommended that patients with diabetes reduce their intake of saturated fat and increase their intake of monounsaturated fat or carbohydrate. However, high-carbohydrate diets may result in higher saturated fatty acids in VLDL-triacylglycerol. This is attributed to de novo lipogenesis, although synthesis of specific fatty acids is rarely measured. The objective of this study was to examine the contribution of de novo fatty acid synthesis to VLDL-triacylglycerol composition. It was hypothesised that levels of total and de novo synthesised fatty acids would increase with increased carbohydrate intake in diabetic participants. Methods Seven individuals with type 2 diabetes mellitus and seven matched non-diabetic controls consumed two diets differing in fat energy (lower fat <25%, higher fat >35%) for 3 days in a randomised crossover design. Blood samples were drawn before and 24 h after the ingestion of 2 H-labelled water.
Introduction
Diabetes management focuses on glucose control. However, perturbations in lipid metabolism are connected to insulin resistance and atherogenesis development. Glucose and lipid metabolism are not independent but connected via de novo lipogenesis (DNL), the conversion of glucose to fatty acids (FAs) and triacylglycerol (TG) by the liver. Diet is important in managing glucose concentrations and risk of cardiovascular disease (CVD) in patients with diabetes. Reducing dietary saturated fat is the most common recommendation to reduce CVD risk, even though low-fat/high-carbohydrate diets increase fasting plasma TG concentrations [1] , an independent risk factor for CVD [2] . Compared with higherfat intake, low-fat/high-carbohydrate diets change the FA composition of plasma lipoproteins and red cells, which is often attributed to DNL of non-essential FAs [3] [4] [5] . Synthesis of specific FAs is rarely measured because of limited technological capabilities.
The importance of dietary fat composition as a determinant of serum and adipose tissue FA composition has been investigated [6, 7] . Quantity of dietary fat has recently been considered with regard to the composition of circulating FAs [3] [4] [5] , particularly saturated FAs. Like dietary fat 'quality', serum FA 'quality' may be important in the longterm development of metabolic disease [8] . FA composition is thought to influence metabolic processes through effects on insulin action [9] and lipid metabolism [10] , which are altered in individuals with diabetes.
VLDL is a major carrier of TGs. Sources of FAs for hepatic TG synthesis are DNL, chylomicron remnant TG and plasma NEFAs, which vary depending on diet, feeding [11] and metabolic state [12] . Chylomicron-TG and adipose-TG FA composition reflect that of diet, but VLDL-TG differs [13] . It is thought that FAs from exogenous and endogenous sources may be sequestered into cytosolic TG stores before incorporation into VLDL-TG [14] , resulting in an FA profile that differs from dietary composition. Thus, endogenous contribution of FAs from DNL to VLDL-TG may be a major factor. Palmitate is the major quantitative product of hepatic DNL and increases when DNL is stimulated by high carbohydrate intake, whereas linoleate decreases in VLDL-TG [15] . DNL is variable but contributes from 2% to 30%, and is upregulated by carbohydrate intake and hyperinsulinaemia [16] . High-carbohydrate diets show a consistent effect of inducing both DNL and hypertriacylglycerolaemia [15, 17] . Hypertriacylglycerolaemia may be prevented by a higher dietary fat concentration [1, 15] and guidelines recognise that higher fat intake (i.e. ≥30% energy intake) may be acceptable if primarily composed of mono-and polyunsaturated fats and low in trans FAs [18] .
If DNL contributes saturated FAs to VLDL-TG, this could have important metabolic effects. It is not known if synthesis of specific FAs varies between individuals, diets and in metabolic states such as type 2 diabetes. The current study estimates synthesis of individual FAs for the first time using 2 H-incorporation techniques. The objective was to determine if DNL contributes to VLDL-TG FA composition and if hepatic FA synthesis varies depending on the presence of diabetes and on dietary carbohydrate and fat content. It was hypothesised that DNL of total and saturated FAs is higher in diabetic individuals compared with a matched control group, particularly following lower fat/ higher carbohydrate intake, resulting in differences in VLDL-TG FA composition.
Methods
Study participants Eleven individuals with type 2 diabetes and ten non-diabetic individuals were recruited, with a total of seven in each group completing the study. Participants were recruited through the outpatient Metabolic Clinic at University of Alberta Hospitals, Capital Health Authority Diabetes Registry and a database of volunteers compiled from respondents to another study. All participants provided informed consent. The study was approved by the Human Research Ethics board at the University of Alberta.
Baseline screening results are shown (Table 1) . Volunteers were excluded if they had a fasting TG concentration >4.0 mmol/l, were taking lipid-lowering drugs or were not in reasonable metabolic control. Participants using other medications, including metformin and levothyroxine, were instructed to continue and record their normal medication. Test results and medications were reviewed by an endocrinologist.
Study design Participants were examined after two feeding periods comprising 3 days each in a crossover design and 1 month washout period. Participants picked up packaged meals and were instructed to consume only food and beverages provided (except energy-free fluids), exclude alcohol intake and not to exercise beyond a moderate amount (explained in detail). Unwashed food containers were returned as an indication of compliance. Participants were tested at the same time each month to account for hormonal variation in the menstrual cycle.
On test day1 (diet day3) of each diet treatment, fasting blood samples were obtained following a 12 h overnight fast and analysed for 'background' H concentrations at plateau. Breakfast was served immediately and remaining meals were to be consumed a minimum of 12 h before the final blood draw. The final 12 h fasting blood sample was drawn on test day 2 at 09:00 hours and was used for determinations of fasting VLDL-TG FA concentrations and 24 h FA synthesis. Total plasma lipid, glucose and insulin concentrations were analysed using automated enzymatic procedures.
Diet composition Diets were formulated to meet the participant's energy needs using the Harris Benedict equation and an activity factor. The high-carbohydrate/ low-fat diet (LF) consisted of <25% of energy from fat and included complex carbohydrates with a low glycaemic index. The high-fat/low-carbohydrate diet (HF) consisted of the same menu items as the LF (Table 2 ) with isoenergetic addition of canola oil to achieve~35% of energy from fat. The aim was to increase the intake of monounsaturated fat but not that of saturated or polyunsaturated fat, which should be limited to <7% and <10% of total energy intake, respectively [18] . Safflower and flax oils were added to LF meals to increase the polyunsaturated fat energy contributed by canola oil to HF. Meals and diets were similar in energy and macronutrient composition and identical meals were consumed on all 3 days. Feeding of participants was controlled for intake, blinding and randomisation of diet treatment order. Determination of VLDL-TG FA composition by gas liquid chromatography Blood was centrifuged and plasma immediately extracted and refrigerated. Extraction of VLDL-TG FAs involved ultracentrifugation of plasma to separate out chylomicrons within 24 h of collection. The VLDL portion was extracted by non-equilibrium density-gradient ultracentrifugation [19] . TGs were removed [6] using a Folch extraction, followed by addition of internal standard (17:0), separation by TLC and quantitative recovery of the TG fraction [20] . Following methylation, fatty acid methyl esters (FAMEs) were identified and quantified by GC. Methyl esters of all saturated, cis-monounsaturated and cispolyunsaturated FAs from 14 to 24 carbons in chain length were analysed; however, only major FAs (14-18 carbons) were included in the results. The proportions of 20-24 carbon FAs in the VLDL-TG comprised <4%.
Estimation of fatty acid synthesis by
2 H incorporation Isotopic analysis of 2 H enrichment in VLDL-TG FAs was performed by 2 H incorporation techniques using isotoperatio MS. The technique is similar to that used by Konrad et al. [17] ; however, combustion of FAMEs to H 2 or H 2 H before injection into the isotope-ratio mass spectrometer (IRMS) was not required. FAME samples were injected into a GC and effluent was pyrolysed in a furnace at 1,450°C to form H 2 [22] .
Statistical methods Statistical analyses and graphs were performed and prepared using Statistica software (StatSoft, Tulsa, USA) and SAS software 8.0 (SAS Institute, Cary, NC, USA). GraphPAD Prism (V5.0, GraphPAD Software, San Diego, USA) was used to prepare most of the figures. Paired t tests compared the effect of LF or HF within each group. Wilcoxon matched pair t tests compared differences between groups. Repeated measures two-factor ANOVA with Bonferroni post tests were used for main effects. Sample size calculations based on previous results expecting a decrease in plasma TG concentration of 25% estimated completion of seven participants as sufficient statistical power to achieve significance. All relationships between variables were tested using Spearman's rank correlation for non-parametric data. Statistical significance was set at a p value <0.05.
Results
Of the 21 participants recruited, 14 completed both diets and were included in the results (n=7/group, Table 1 ). The major obstacle to recruitment was exclusion of respondents taking lipid-lowering medications. Of the participants who dropped out, four withdrew at the outset, two after completing only one diet period and one because of illness. Diabetic and non-diabetic control groups were similar in characteristics except plasma glucose, HbA 1c and LDLcholesterol concentrations (Table 1) .
Dietary analyses Three participants included in the results did not consume all food in the first diet as prescribed. Uneaten food was weighed and the equivalent energy amount of the same item was subtracted from the second diet for these participants. All items from the second diet were consumed in their entirety by all participants. Upon study completion, a questionnaire was administered to estimate dietary blinding success. Nine out of 14 participants were unable to correctly discriminate diets, four identified both diets correctly and one questionnaire was unreturned.
Clinical measures Glucose was significantly higher in the diabetes group following the LF (Fig. 1a) . No other differences were found between diabetes and control groups or between diets for any clinical measure (Fig. 1b-d) , except TG concentration. A main effect of diabetes indicated that participants with diabetes had higher TG following both LF (p<0.05) and HF (p<0.01) (Fig. 1e) .
Total VLDL triacylglycerol fatty acid concentration and synthesis
The control group had a lower fasting VLDL-TG FA concentration after 3 days of HF than after LF (p=0.03) (Fig. 1f) . The concentration of FA in VLDL-TG ranged from 1.2 to 3.9 and 1.2 to 3.8 mmol/l for diabetic participants and 0.8 to 2.0 and 0.6 to 2.7 mmol/l for controls following LF and HF, respectively.
A significant effect of diet is shown for fractional rate of DNL of FA in VLDL-TG (DNFAr [ESM]) (Fig. 2a) after an overnight 12 h fast but not net synthesis (DNFAn [ESM]) (Fig. 2b) . The relative synthesis rate was significantly lower following HF than following LF and ranged from 3% to 33% and 5% to 25% in control participants and from 2% to 28% and 0 to 25% in diabetic participants following LF and HF, respectively.
Individual VLDL-triacylglycerol fatty acid concentration and synthesis
The HF resulted in lower concentrations of most FAs in VLDL-TG in control participants (Fig. 3a) , but not in the diabetes group (Fig. 3b) No differences were found between groups or diets for DNFAr (Fig. 3c, d) or DNFAn [ESM] (Fig. 3e, f) 
0001).
Relationships between total VLDL-TG FA concentration and the relative rate of FA synthesis also depended on the diet consumed. Following the HF diet, only myristate and palmitate concentrations in VLDL-TG correlated with the rate of palmitate synthesis (r=0.58, p=0.03 and r=0.55, p=0.04, respectively). For LF, the strongest relationship found was a correlation between the concentration of myristate in VLDL-TG and the synthesis rate of myristate (r=0.79, p=0.0008). VLDL-TG myristate concentration was also correlated with synthesis rates of palmitate (r=0.66, p=0.01) and palmitoleate (r=0.76, p=0.002).
Discussion
Research surrounding the FA composition of DNL and circulating TGs is not commonly undertaken. In the present study, considerable variation between VLDL-TG FA concentrations, the types of FA present and hepatic synthesis of FAs was observed when participants consumed the same t test) is denoted by *p<0.05. No other main effects or differences between diets or groups was detected. For diets and groups n=7, with the exceptions: n=4 for 14:0 higher fat; for the diabetes group 18:0 higher fat n=6; control group 18:0 higher fat n=5; and lower fat n=6 for relative and net synthesis diet. Diabetes and diet seemed to have unique effects on FA metabolism. The LF diet distinctly stimulated lipogenesis, but affected VLDL-TG FA differently in diabetic and nondiabetic participants.
The experimental diets were designed so that the oleate comprised most of the difference in fat intake. VLDL-TG oleate concentration was unchanged following HF intake, even though the dietary amount of this FA was twice that in the LF. A decrease in all VLDL-TG FAs, particularly saturated FAs, occurred in control participants after HF, despite being >35% fat energy vs <25% in the LF. This reduction in VLDL-TG after 3 days of HF intake was consistent with a significant reduction in total plasma TG concentration. When VLDL was examined to determine which FAs contributed to this difference, the average values for all FAs measured had decreased after HF, including a significant effect of diet on myristic, palmitic and palmitoleic acids. Linoleic acid was also lower in control participants after HF compared with LF, which was unexpected considering the results with lower-fat/higher-carbohydrate diets in other studies. Previous research involving carbohydrate overfeeding [23] or very-low-carbohydrate diets [3] indicated that high carbohydrate intake results in higher concentrations of palmitate and lower linoleic acid in serum lipids, often in disproportion to the levels provided by diet. More moderate changes in total dietary fat intake (20% vs 45% of energy from fat) also seem to result in changes in FA composition, with lower fat intakes resulting in a lower proportion of linoleic acid in plasma FAs and a higher proportion of saturated and n−3 FAs [5] . Diets fed in many studies were longer term and/or involved greater macronutrient manipulation than in the current study. Although diets were matched in the proportion of energy from linoleic acid (Table 3) , the ratio of polyunsaturated to saturated fatty acids (P:S) was high in the LF of this study and may have compensated for any reductions expected to occur by increasing carbohydrate intake.
The response of VLDL-TG FA to diet observed in controls was not evident in diabetic participants regarding amount or composition (Fig. 1e, f) . The differences observed between patterns of response indicate that a greater proportion of dietary FAs contribute to VLDL-TG in diabetic participants following higher fat intake through chylomicron remnant uptake. However, it is unclear why the oleate concentration was not uniquely elevated (Fig. 3b) . This reasoning is speculative, however, because apolipoprotein B48 (apoB48) concentration was not measured in this study. Insulin resistance may result in higher apoB48, but may also increase NEFAs [24] and baseline NEFA concentrations were not different between groups (Table 1) . Alternatively, these differences in total and VLDL-TG could result from different methods of quantification, or may indicate that chylomicron remnants were present in the VLDL fraction (supernatant fractions 20-400). This is unlikely following a 12 h fast unless some participants were non-compliant.
Research on lipogenesis usually tests diets that are extreme in form (liquid vs solid, ingested vs feeding tube) or macronutrient content (high simple carbohydrate, carbohydrate overfeeding, very high fat). The current study tested the effects of a mixed diet within usual macronutrient intake ranges. The higher fat concentration was intended to suppress DNL and this effect was observed. Stimulation of hepatic DNL following LF was in agreement with previous research, despite the low glycaemic index/high-fibre content of this diet. The hypothesis that both LF intake and diabetes would result in upregulation of FA synthesis, particularly of palmitic acid, was not observed. The fasting glucose concentration was higher in the diabetes group after LF intake and yet DNL and VLDL-TG concentration were not increased to the extent that they were by this diet in controls. This may indicate sensitivity to LF intake in the control group or an acute metabolic inflexibility in diabetic participants [25] .
Research using young normal-weight participants indicates that during fasting, an average of 4.0±3.6% of VLDL-TG originated from DNL, whereas 77.2±14.0% was from adipose FA release [11] . These estimates of FA synthesis show high variation similar to that found in the current study, but are lower than the control group, which averaged almost 20% of VLDL-TGFA following LF intake. This could reflect differences in age and BMI, isotope method used or diet design. Indeed, research involving participants with abnormalities in fat metabolism associated with insulin resistance shows that DNL can be elevated in the fasting state. During a high-fat/low-carbohydrate diet, hyperinsulinaemic obese participants had a 3.7-5.3-fold higher rate of DNL than normoinsulinaemic obese or lean participants (8.5±0.7% vs 2.3±0.3% vs 1.6±0.5%) [26] . After low-fat/high-carbohydrate consumption, DNL was high in all groups, at a rate of approximately 13% [26] . In patients with non-alcoholic fatty liver disease (NAFLD), the contribution of DNL to VLDL-TG was greater than healthy controls, at rates of 14.9±2.7% vs 4.6±1.1% [27] .
Obese hyperinsulinaemic NAFLD patients exhibit DNL rates of up to 37% (mean 22.4%±8.2%) [12] . Indeed, both disease state and diet have important roles in individual lipogenesis rates, with insulin resistance potentially increasing the lipogenic capacity of participants. The present study showed that DNL rates are related to measures of insulin resistance following the LF diet; however, BMI had a stronger relationship to DNL rates following HF. This suggests that the relationship between metabolic measures and clinical indices may depend on dietary factors.
To gain an appreciation for the variability in amount and composition, concentration of de novo synthesised FAs for individual participants is shown (Fig. 4) . Participant 13 shows complete suppression of DNL by the HF diet. LF resulted in 69 mg of de novo FA at a synthesis rate of 3% of total VLDL-TG FA, which is still a small amount of synthesis. Conversely, participant 5 synthesised VLDL-TGFA at a rate of 32% and 24%, resulting in net synthesis of 1925 mg and 739 mg, mostly as saturated fatty acids (71% and 81% of total net de novo FAs) following LF and HF diets, respectively. Hence, there is a potential to modulate FA composition to a more saturated profile because this participant had almost twice the amount of saturated FAs in VLDL-TG following LF than HF diets (1.51 mmol/l vs 0.89 mmol/l). This study confirms that palmitate is highly synthesised in humans and may be a useful surrogate for total FA synthesis. It should be noted that the amount varies, as de novo palmitate ranged from 44% to 84% of total net de novo FAs (mean=71%).
Two studies have estimated synthesis rates of FAs other than palmitate [23, 28] . Comparisons with this study are difficult because of vastly different feeding regimens and methods for measuring DNL. Both studies estimate DNL after ingestion of a very-high-carbohydrate liquid meal [23, 28] . Aarsland and Wolfe [23] used an extremely hyperenergetic high-carbohydrate fat-devoid enteral/parenteral feeding design and measured FA synthesis using 13 Clabelled acetate and mass isotopomer distribution analysis. Synthesis of FAs other than palmitate was not detected in the basal state. However, after hyperalimentation, synthesis rates of oleate and stearate were similar to those in the current study, with greater variation in rates for the five healthy men (palmitate, oleate and stearate synthesis was approximately 45%, 22% and 9% of the respective FA pools [23] ). For the control group in the current study, synthesis rates of palmitate, stearate and oleate were 55%, 25% and 6% of the pool for each FA, respectively. De novo synthesised palmitoleate was 15% and myristate was 73% of the total VLDL-TG palmitoleate and myristate pools. Research by Chong et al. used D-[U 13 C] fructose or D-[U 13 C] glucose to trace the fate of dietary sugars [28] . This method underestimates FA synthesis; however, relative 13 C-labelling of some FAs was estimated from the supernatant fractions 20-400 from the lipoprotein TG pool. Tenfold as much label from [ 13 C]fructose was detected in palmitate than in stearate or myristate [28] . Using 2 H incorporation, data from the present study indicate that the amount of palmitate synthesised is more than sixfold that of either oleate, stearate or myristate. The total size of these pools determines the quantitative difference. While myristate synthesis rate is very high at >50% of total myristate (Fig. 3c, d) , oleate synthesis rate is much lower at~5% of total oleate. This translates to similar amounts of these de novo synthesised FAs in VLDL-TG (Fig. 3e, f) . It is concluded that in participants who have higher rates of DNL, synthesis of FAs other than palmitate is highly variable but can be quantitatively and qualitatively important. This is the first research that uses 2 H incorporation techniques combined with GC/P/IRMS to determine DNL of individual non-essential FAs. Future research should examine the relationship between FA synthesis rates or composition and the presence of markers or incidence of specific metabolic diseases and phenotypes. Diet is particularly important in light of its significant effects on stimulation or downregulation of FA synthesis and activity of specific elongation/desaturation enzymes. Lipogenesis during the postprandial period must also be considered, as switching sources of FA for VLDL-TG may occur, increasing the fractional contribution of DNL following a meal [11] . The current study had sufficient power to detect differences in FA synthesis rates within and between groups using two-way ANOVA (n=14); however, power decreases when separated into diabetes and control groups (n=7). Although FA synthesis decreased in all but one participant/group following HF, high interindividual response dictates that in order to detect differences between the diets fed, 16 controls and 33 diabetic participants would need to complete the crossover design. Feeding a more lipogenic diet may result in a larger change and smaller numbers required. Further investigation is warranted.
In conclusion, lipogenesis is upregulated in some individuals and produces saturated FAs, potentially affecting overall composition of TG in VLDL. There are unique effects of both diet and diabetes on lipid metabolism. The amount of dietary fat consumed is important in determining changes in DNL. Lower fat intake stimulates FA synthesis rate and increases VLDL-TG FA concentration. Dietary response differed in diabetic participants in this study, perhaps indicating increases in contribution from NEFAs or dietary FAs. Additional analyses will delineate the contribution of NEFAs to VLDL-TG composition and DNL changes during the postprandial period. Variations in synthesis of total and saturated FAs in individual participants may be of particular importance.
